The Arctic plant growth-promoting rhizobacterium Pseudomonas putida GR12-2 secretes an antifreeze protein (AFP) that promotes survival at subzero temperatures. The AFP is unusual in that it also exhibits a low level of ice nucleation activity. A DNA fragment with an open reading frame encoding 473 amino acids was cloned by PCR and inverse PCR using primers designed from partial amino acid sequences of the isolated AFP. The predicted gene product, AfpA, had a molecular mass of 47.3 kDa, a pI of 3.51, and no previously known function. Although AfpA is a secreted protein, it lacked an N-terminal signal peptide and was shown by sequence analysis to have two possible secretion systems: a hemolysin-like, calcium-binding secretion domain and a type V autotransporter domain found in gram-negative bacteria. Expression of afpA in Escherichia coli yielded an intracellular 72-kDa protein modified with both sugars and lipids that exhibited lower levels of antifreeze and ice nucleation activities than the native protein. The 164-kDa AFP previously purified from P. putida GR12-2 was a lipoglycoprotein, and the carbohydrate was required for ice nucleation activity. Therefore, the recombinant protein may not have been properly posttranslationally modified. The AfpA sequence was most similar to cell wall-associated proteins and less similar to ice nucleation proteins (INPs). Hydropathy plots revealed that the amino acid sequence of AfpA was more hydrophobic than those of the INPs in the domain that forms the ice template, thus suggesting that AFPs and INPs interact differently with ice. To our knowledge, this is the first gene encoding a protein with both antifreeze and ice nucleation activities to be isolated and characterized.
Microorganisms are able to survive exposure to subzero temperatures, in part by modifying freezing processes to obtain nutrients and/or to prevent cellular injury. For example, some epiphytic gram-negative eubacteria from genera such as Pseudomonas, Pantoea (Erwinia), and Xanthomonas use ice nucleation proteins (INPs) to promote the growth of ice in freezing-sensitive plant tissues at temperatures as high as Ϫ2°C (48, 70) . These bacterial ice nucleators are composed of 120-kDa lipoglycoproteins that form large membrane-bound aggregates (44) . As a result of bacterial ice nucleation, the plants freeze during light frosts and release nutrients that fuel bacterial proliferation.
In contrast, some bacteria from permanently or seasonally frozen habitats secrete antifreeze proteins (AFPs) to inhibit the growth of external ice and promote survival (61, 76 ). Antifreeze proteins adsorb onto the surface of ice and lower the temperature at which it grows (14) . By adsorbing onto the ice surface, AFPs also inhibit its recrystallization (43) . During recrystallization, water molecules migrate from smaller ice crystals to larger ones to produce a more stable form of ice that is characterized by a minimal surface area, but these larger ice crystals are more likely to injure biological organisms. Ice recrystallization occurs more rapidly at higher subzero temperatures but is also a problem when organisms are exposed to prolonged periods of freezing (43) .
Although AFPs are produced by a wide range of organisms that survive freezing, including fish, insects, plants, and fungi (10, 17, 31, 75) , only 15 bacteria have been reported to exhibit antifreeze activity. These include the plant growth-promoting rhizobacterium Pseudomonas putida GR12-2, which was originally isolated from soil from the Canadian High Arctic (47, 61) ; Rhodococcus erythropolis, isolated from the midguts of beetle larvae (17) ; Micrococcus cryophilus, isolated from chilled sausages (17) ; a Moraxella sp. isolated from Antarctic soils (77) ; and an additional 11 ␥-and ␣-proteobacteria isolated from Antarctic lakes (25) . Only two bacterial AFPs have been characterized to date: a 164-kDa lipoglycoprotein from P. putida GR12-2 (61, 76) and a 52-kDa lipoprotein from a Moraxella sp. (77) .
P. putida GR12-2 synthesizes and secretes its AFP into the culture medium only when grown at cold temperatures (61) . The contribution of the AFP to the freezing survival of P. putida GR12-2 was examined by selecting freezing-sensitive mutants following transposon Tn5 mutagenesis (41) . Three of the mutants with the lowest level of freezing resistance (4 to 6% survival) also secreted the smallest amount of AFP (10 to 19% of wild-type AFP accumulation). Moreover, the de-creased freezing resistance of these three mutants could be partially restored by adding purified AFP to mutant cell suspensions, thus demonstrating that accumulation of AFPs is one component of the mechanism for freezing resistance in these bacteria (41) .
An unusual characteristic of the AFP from P. putida GR12-2 is that it also displays a low level of ice nucleation activity at Ϫ10°C (76) . Regardless of whether this low level of ice nucleation activity contributes to the mechanism for winter survival in this bacterium, it does raise an interesting question about the relationship between AFPs and ice nucleators. We now report for the first time in bacteria the cloning and expression of afpA, a gene encoding an AFP from P. putida GR12-2, and show that its amino acid sequence has some similarity to that of INPs from other bacteria in the domain that forms the ice template. However, this region is more hydrophobic in the AFP than in the INP, indicating that the mechanisms of interaction with ice may be different for the two proteins.
MATERIALS AND METHODS
Bacterial strain. The plant growth-promoting rhizobacterium P. putida GR12-2 was provided by G. Brown, Agrium Inc., Saskatoon, Saskatchewan, Canada. This bacterium was originally isolated from a soil sample from the Canadian High Arctic (47) . Cells were grown at room temperature on tryptic soy broth (TSB; Difco, Detroit, Mich.) agar for 2 days, and then the plates were stored at 4°C until the bacterial colonies were required (61) .
For isolation of afpA, a single colony of P. putida GR12-2 was inoculated into 5 ml of sterile TSB in a 25-ml test tube. After an overnight incubation at 25°C with shaking at 120 rpm, all of the cell culture was aseptically transferred into 3 liters of sterile TSB medium. The cells were then incubated at 5°C for 6 days with shaking at 200 rpm.
SDS-PAGE and immunoblotting. Soluble proteins were denatured and separated by analytical sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10-by 10-by 0.075-cm polyacrylamide (9%, wt/vol) gel according to the method of Laemmli (46) . Protein concentrations were determined by the method of Bradford (6) with bovine serum albumin as the standard. Gels were stained for protein by using Coomassie brilliant blue R-250, for carbohydrate by using periodic acid-Schiff's reagent (Sigma, St. Louis, Mo.), and for lipids by using Nile blue A as described by Xu et al. (76) . In addition, gels were blotted onto a nitrocellulose membrane by using a Mini trans-blot electrophoretic transfer cell (Bio-Rad, Tokyo, Japan). Blots were first incubated overnight at 4°C in blocking buffer containing 5% (wt/vol) skim milk powder in Tris-buffered saline (TBS), pH 7.5, and then incubated with the primary antibody for 2 h at room temperature in the blocking buffer, followed by four 15-min washes in TBS plus 0.1% Tween 20. The primary antibody was affinity purified from a rabbit polyclonal antibody produced against purified 164-kDa AFP and was used at a dilution of 1:7,500 (15) . After the blot was incubated with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (IgG) (HϩL) (1: 3,000; Bio-Rad), positive immunoreactions were detected by using 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium chloride (Amersham Biosciences, Piscataway, N.J.).
Amino acid sequencing. After growth at 5°C, a 164-kDa protein with antifreeze activity was purified from the bacterial growth medium by ammonium sulfate precipitation, followed by preparative SDS-PAGE as described previously by Xu et al. (76) . To obtain internal amino acid sequences, 383 g of the purified 164-kDa protein was partially digested with 1.6 g of trypsin (EC 3.4.21.4) (from bovine pancreas; Sigma) in 32 mM Tris-HCl, pH 8.0, at 37°C for 2 h. The AfpA fragments were separated by SDS-PAGE and blotted onto a polyvinylidene difluoride membrane by using a Bio-Rad Mini trans-blot electrophoretic cell at a constant current of 350 mA for 1.5 h. The blot was stained with 0.025% Coomassie brilliant blue R-250 in 40% methanol and destained with 50% methanol. Two major tryptic peptides were excised, and the amino acid sequences were determined at the Alberta Peptide Institute (Edmonton, Alberta, Canada) with a Hewlett-Packard G1000A/1005A protein sequencer at 10 to 25 pmol by using standard Edman chemistry with a repetitive yield of 95%.
PCR. The genomic DNA of P. putida GR12-2, prepared by the method of Saito and Miura (56) , was used as a template for PCRs. The amino acid sequences of the N-terminal and internal tryptic peptides of the isolated AfpA (Table 1) were used to design a degenerate sense primer (S3) and an antisense primer (A2) ( Table 2) , and PCR was conducted in a thermal cycler (TaKaRa [Kyoto, Japan] PCR Thermal Cycler SP) by using TaKaRa LA Taq with proofreading activity. Amplification conditions were 29 cycles of 94°C for 40 s, 55°C for 1 min, and 72°C for 1.5 min after the initial denaturation at 94°C for 1 min. A 350-bp PCR product was obtained and cloned into the pT7Blue TA vector (Novagen, Inc., Madison, Wis.), and the insert was sequenced.
On the basis of the 350-bp sequence, two additional primers, B1 and B2, were designed (Table 2 ) and used for inverse PCR according to the method of Silver and Keerikatte (59) . After independent digestions of genomic DNA with either PstI or XmaI, the DNA was self-ligated. The ligated DNA fragments were used as templates, and 30 PCR cycles, consisting of denaturation at 94°C for 1 min, annealing at 65°C for 1 min, extension at 72°C for 3 min, and a final extension at 72°C for 10 min, were used for amplification. The inverse PCR products were then cloned and sequenced. A complete sequence of afpA was determined by combining the sequences obtained by PCR and inverse PCR (Fig. 1A) .
Construction and expression of pET3b-afpA in Escherichia coli cells. Once the complete sequence of the afpA gene was obtained, primers D1 and D2 (Table 2) were designed to amplify the open reading frame (ORF) by PCR using the bacterial genomic DNA as a template and TaKaRa LA Taq. The primers used in this PCR generated NdeI and BamHI sites at the 5Ј and 3Ј ends of the DNA, respectively. The reaction was performed with 25 cycles of 94°C for 1 min, 65°C for 1 min, and 72°C for 2 min. The DNA fragment containing the afpA structural gene was digested with NdeI and BamHI and ligated into vector pET3b (Novagen). A plasmid harboring the ORF of afpA inserted downstream of the T7 promoter was selected and named pET3b-afpA. E. coli BL21(DE3)/pLysS cells were transformed with the recombinant pET3b-afpA plasmid by the heat shock method (34) .
afpA was expressed according to the instructions in the Novagen pET system manual. E. coli BL21(DE3)/pLysS cells carrying pET3b-afpA were grown in Luria-Bertani (LB) medium containing ampicillin (100 g ml Ϫ1 ) and chloramphenicol (34 g ml Ϫ1 ) at 30°C with shaking. When the optical density at 600 nm reached 0.5, 100 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to the culture to achieve a final concentration of 0.4 mM. After a 3-h incubation at 30°C, the cells were collected by centrifugation at 3,000 ϫ g for 10 min, resuspended in 50 mM Tris-HCl (pH 7.5) containing 50 mM NaCl and 1 mM EDTA, and frozen at Ϫ20°C overnight. Cells were broken at 4°C by ultrasonic disintegration using a Handy Sonic model UR-20P (Tomy Seiko Co., Ltd., Tokyo, Japan) for eight pulses of 15 s each. The lysate was centrifuged at 8,000 ϫ g for 10 min at 4°C, and the supernatant was used to examine soluble proteins. The recombinant AfpA was partially purified on a Toyopearl DEAE ion-exchange column (Tosoh Corp., Tokyo, Japan) preequilibrated with 20 mM sodium acetate, pH 5.5. The protein was eluted with a linear gradient of 0 to 0.2 M NaCl at a flow rate of 2 ml min Ϫ1 and was used for SDS-PAGE. Assay of antifreeze activity. Antifreeze activity was assayed by observing the morphology of ice crystals grown in the presence and absence of AfpA as described by Meyer et al. (52) . One microliter of protein sample was applied to the center of a temperature-controlled freezing stage (model THM 600; Linkham Scientific Instruments, Surrey, United Kingdom) on a circular glass cover. The freezing stage was fitted onto the stage of a conventional microscope and was connected to a pressurized air supply that was cooled by liquid N 2 . The stage temperature was controlled by a programming unit (model TMS 90; Linkham Scientific Instruments). After sample application, the stage was heated to 20°C, cooled to Ϫ40°C at a rate of 100°C min Ϫ1 to freeze the sample, and then heated at the same rate to Ϫ5°C. The warming was slowed to 5°C min Ϫ1 to thaw the sample until only a single ice crystal was present. Subsequently, the temperature was lowered slowly in order to observe ice crystal growth. Under these conditions, high levels of antifreeze activity were indicated by a multifaceted or bipyramidal shape of the ice crystal, whereas low levels of antifreeze activity were indicated by a flat, hexagonal shape of the growing ice crystal (14) . In the absence of AFPs, ice crystals were round and flat.
Measurement of ice nucleation activity. The ice-nucleating temperature was determined by using a thermoelectric cold plate (Mitsuwa model K-1; Yamamoto tekunikaru, Hirakata, Japan) as described by Vali (64) . Samples included the culture broth and the soluble fraction obtained by lysing and centrifuging E. coli transformed with pET3b-afpA or pET3b and induced by IPTG. Other samples included the culture broth for P. putida GR12-2 that had been concentrated by ultrafiltration (Amicon; Millipore Corp., Bedford, Mass.) and intact cells of bacteria used as positive controls that were resuspended in 50 mM Tris-HCl (pH 7.5). Thirty 10-l drops of each sample were placed on a controlled-temperature surface, which was cooled from room temperature to Ϫ20°C at a rate of 1°C min Ϫ1 . The temperatures at which 10% (T 10 ), 50% (T 50 ), and 90% (T 90 ) of the drops froze were recorded.
Database search and molecular modeling. The afpA sequence was initially characterized by conducting BLASTN and BLASTP searches (1, 2) of all GenBank nucleotide and amino acid sequence databases, followed by a specific search of the microbial genome database of Pseudomonas species using the National Center for Biotechnology Information (NCBI) server (http://www .ncbi.nlm.nih.gov/BLAST/). The Washington University-Blast2 (WU-Blast2) searching tool (50) , accessed through the European Bioinformatics Institute server (http://www.ebi.ac.uk/blast2/), was also used to search the SWALL database for AfpA amino acid sequence homologies. In order to limit the number of sequences examined, the topcomboN value was set to 1 so as to obtain the best set of consistently high-scoring segment pairs, and sequences with expectation values (E values) of 7.7e Ϫ06 or higher were excluded from the results. The untranslated upstream region was screened for potential promoter elements by using the Neural Network Promoter Prediction service for prokaryotes (55) , which is available at the Berkeley Drosophila Genome Project website (http: //www.fruitfly.org/seq_tools/promoter.html), with a minimum score of 0.7 for the promoter prediction.
To identify protein domains, we used the Protein Families database (Pfam) and hidden Markov models (HMMs), available from The Sanger Institute server (4) (http://www.sanger.ac.uk/Software/Pfam/search.shtml). We searched for a possible signal peptide by using the SignalP V1.1 program (54) (33) . A multiple sequence alignment was constructed by using the CLUSTAL W program (62) , implemented via the Bioedit program and PAM 250 protein matrices (12) .
Nucleotide sequence accession number. The EMBL-GenBank-DDBJ accession number assigned to afpA is AJ784158
RESULTS
Cloning and characterization of the afpA gene. A 164-kDa protein with antifreeze activity was previously purified from P. putida GR12-2, and the first 14 amino acids at the N terminus were determined by Xu et al. (76) . In the work reported here, two tryptic peptides from the purified 164-kDa AFP were isolated, sequenced (Table 1) , and used to design primers to amplify a 350-bp fragment from P. putida GR12-2 genomic DNA by PCR ( Table 2 ). The remainder of the afpA gene and DNA sequences both upstream and downstream of the gene were isolated by inverse PCR. The isolated DNA fragment that contained the afpA gene was 2,940 bp long ( Fig. 1 and 2) .
At the nucleotide level, a comparison of the afpA sequence with the EMBL database using the BLASTN program showed 65% identity, with a smallest sum probability of 5.3 ϫ e Ϫ171 , between afpA and a DNA sequence of unknown function isolated from P. putida KT2440 in the region between bp 469 and 2940 of the afpA sequence. At the amino acid level, an initial BLASTP search of the genomes of Pseudomonas species and GenBank revealed high similarity (77 and 70%, respectively) between AfpA of P. putida GR12-2 and two uncharacterized proteins deduced from the full genome sequences of Pseudomonas syringae pv. syringae B728a and P. putida KT2440 (53) ( Table 3 ). When we searched the databases on 17 January 2004, Pseudomonas aeruginosa PAO1, P. putida KT2440, and P. syringae pv. tomato strain DC3000 were the only Pseudomo- nas spp. whose genomes were completely sequenced, so we cannot exclude the presence of orthologous genes in other Pseudomonas spp. No homology was found between the P. putida afpA sequence and any DNA sequence in P. aeruginosa PAO1.
The possibility that multiple proteins are encoded in the afpA sequence was investigated by translating the nucleic acids using different ORFs. One alternative ORF was 64% identical and 78% similar to a protein isolated from P. putida KT2440 identified as glycosyl transferase, group 2 family (accession number NP_743949) (53) . This result was interesting because some AFPs from fish and plants are homologous to carbohydrate-binding proteins (20) , but we have no evidence that this ORF is expressed.
Analysis of the ORF. The predicted ORF of afpA encoded a protein with 473 amino acids that began 418 bp downstream from the 5Ј terminus of the insert and ended with the stop codon 1,420 bp from the initiating methionine codon (Fig. 2) . The predicted gene product had a molecular mass of 47.3 kDa and an isoelectric point (pI) of 3.51. The amino acid composition of the deduced product of afpA closely matched the amino acid composition of the previously purified AFP (76) and was enriched in alanine (17.3%) and glycine (11.0%) (Table 4).
Analysis of the 5 untranslated region. The Neural Network Promoter Prediction service for prokaryotes (55) revealed the presence of a predicted promoter region at Ϫ27 bp from the initial methionine codon, with a possible transcription initiation site Ϫ37 bp from the initial methionine codon (Fig. 2) . The neural network algorithm is thought to be a more sensitive method of predicting the Pribnow box and other sigma factor binding sites because it uses a window of 50 bp to span the transcriptional binding sites (Ϫ35 and the Ϫ10 box) in prokaryotes (55) .
A predicted Shine-Dalgarno (SD) motif (58), which is an E. coli ribosomal binding site, was found 6 bp upstream of the methionine initiation codon (Fig. 2) . However, the SD motif found in the afpA sequence (AGGAAT) does not match the E. coli SD consensus sequence of GGAGGT (52), which may have an effect on the frequency of translation initiation at this site (40) .
Searching for conserved amino acid motifs. Although AfpA is known to be secreted into the culture medium, no conventional N-terminal signal peptide was found by using the SignalP signal peptide prediction tool to analyze the amino acid sequence (54) . However, conserved domains in AfpA that are involved in protein secretion were identified by using the PfamHMMs programs ( Fig. 1 and 2 ). The curated multiple alignments of the first database family used in this program (Pfam-A) predicted the presence of three hemolysin-type calcium-binding repeats located in the amino acid regions from residues 130 to 147, 149 to 166, and 167 to 184 of AfpA. In addition, the automatic clustering of AfpA with the second database family (Pfam-B) predicted the presence of a conserved amino acid domain located in the region between residues 27 and 319 of AfpA ( Fig. 1 and 2 ) that is related to an autotransporter protein family that participates in the type V pathway used for secretion by gram-negative bacteria (66) .
AfpA also contains five calcium-binding motifs (GXGXD) that are less conserved than the GGXGXD motif found in the cell surface proteins of other gram-negative bacteria (9, 63) . Three of these putative calcium-binding sites are located within the hemolysin-like domains. Furthermore, three copies of the sequence Dhhh, where h stands for any hydrophobic residue, were found in the C terminus of AfpA (Fig. 2) . These motifs, as well as the absence of an N-terminal signal sequence, are characteristic of proteins secreted via type I machinery (5, 24) and were shown to be important for recognition of secreted proteins by the translocator (18) .
Prediction of posttranslational modifications. By using the CBS Prediction Servers and the ScanProsite program, the deduced amino acid sequence of afpA was examined for possible posttranslational modification involving glycosylation and N myristoylation. The results indicated that there are seven potential sites for N glycosylation, two sites for O glycosylation, and 20 sites for myristoylation (Fig. 3) .
Expression of afpA in E. coli. To confirm that afpA encoded a protein with antifreeze activity, the afpA structural gene was 
FIG. 2.
Nucleotide and deduced amino acid sequences of afpA. Asterisk indicates translation stop codon. The predicted promoter region is underlined. A putative SD DNA motif is boxed. The predicted transcription start site within the promoter region is indicated by an arrow. The amino acid sequences of the N terminus and two internal tryptic polypeptides from the isolated native AfpA that were used to design PCR primers are boldfaced. The three sequential hemolysin-like calcium-binding regions are shaded. Five calcium-binding motifs (GXGXD) are underlined. Dhhh motifs (where "h " stands for any hydrophobic residue) that may be involved in secretion are boxed.
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at Penn State Univ on February 7, 2008 jb.asm.org inserted into the pET3b expression vector, which was then transferred into E. coli BL21(DE3)/pLysS cells. When these cells were grown at 30°C, a polypeptide of approximately 72 kDa, as calculated from its migration on SDS-polyacrylamide gels, was induced by IPTG (Fig. 4A) . The majority of this protein accumulated in the soluble fraction of whole-cell lysates after induction by IPTG (data not shown). When immunoblots of the soluble proteins present in the lysate were probed with the affinity-purified antiserum against the 164-kDa AFP from P. putida GR12-2, the 72-kDa, IPTG-induced polypeptide produced in E. coli reacted positively (Fig. 4B) . The 72-kDa polypeptide also stained positively with the periodic acid-Schiff reagent for carbohydrate and with Nile blue A for lipid (Fig. 4C) . A low level of antifreeze activity, as shown by the formation of hexagonal ice crystals, was exhibited by the soluble fraction (Fig. 4D) . Although the 164-kDa AFP partially purified from the culture medium of P. putida GR12-2 displayed a low level of ice nucleation activity, with a T 10 of Ϫ11°C, the extracts from E. coli transformed with pET3b-afpA had less ice nucleation activity (T 10 , Ϫ15 to Ϫ16°C [ Table 5 ]). The vector control culture induced by IPTG in parallel experiments had neither antifreeze activity nor ice nucleation activity ( Fig. 4D ; Table 5 ).
Comparison of AfpA with InaV. Bacterial INPs contain three domains: a central domain of repeated octapeptides comprising approximately 81% of the total sequence, a unique Nterminal domain (15%), and a unique C-terminal domain (4%) (73) . Alignment of AfpA with InaV isolated from P. syringae (accession number AJ001086) ( Table 6 ) (57) revealed blocks of amino acid sequence similarity with the central repeating domain of InaV that corresponds to the actual ice template (Fig. 5) . However, AfpA did not contain the repeated octapeptides characteristic of INPs, and InaV did not contain the hemolysin-like, calcium-binding domains found in AfpA (Fig.  5) . Of the 133 residues that were conserved between the two proteins, 30% were Gly and another 18% were Ala, which may indicate that the proteins have similar structural elements.
The mean hydrophobicity profiles of the deduced amino acid sequences of AfpA and InaV were compared in the region that corresponds to the ice template in InaV (Fig. 6) . The central repeating domain of InaV exhibited a regular, repetitive pattern of hydrophilic regions. Although AfpA exhibited a similar repetitive structure, the protein was more hydrophobic in most of its sequence than the corresponding segments of InaV (Fig. 6) .
DISCUSSION
A gene from P. putida GR12-2 encoding a protein with antifreeze activity was isolated by PCR followed by inverse PCR utilizing primers designed from the N-terminal and internal amino acid sequences of this protein. In searches conducted at the nucleic and amino acid levels, afpA and its product showed similarities to genes and proteins from a wide range of bacteria (Tables 3 and 6 ). However, the best matches had only 64 and 56% identity with deduced amino acid sequences isolated from P. syringae pv. syringae B728a and P. putida KT2440, respectively. The low identity in the deduced amino acid sequence between the industrial strain P. putida KT2440 and the wild-type P. putida GR12-2 isolated from High Arctic regions was expected, because bacteria evolve quickly under different environmental conditions, leading to intraspecific variation of their genomic sequences. Moreover, there is also large interspecific genomic variation: only 85% of the ORFs of the P. putida KT2440 genome have been shown to have homologues in the P. aeruginosa PAO1 genome (54, 60) . Secretion pathway. Analysis of the amino acid sequence of AfpA showed the absence of a conventional N-terminal signal peptide, which was not surprising given that the general export pathway is usually not sufficient to target proteins beyond the outer membrane in gram-negative bacteria (5). Pfam-B analysis showed that AfpA belongs to a family of autotransporter proteins that are secreted by the type V pathway, which was first described for the IgA1 protease (66) . However, AfpA also exhibits calcium-binding and Dhhh motifs at the C terminus of the protein that are typical of the type I secretion system (3). Therefore, additional experiments are required to determine the precise secretion pathway for AfpA. Similar proteins. Because there were no orthologues in closely related species, we examined proteins with known functions from other bacterial species that exhibited some similarity to AfpA (Table 6 ). These species are all gram-negative bacteria and cyanobacteria, and most form symbiotic, mutualistic, or parasitic relationships in animal and plant host species. These proteins can be divided into three main categories: cell wall-associated proteins, nodulation proteins, and proteins with ice nucleation activity ( Table 6 ).
The amino acid sequences of cell wall-associated proteins such as surface layer (S-layer) proteins and "repeats in structural toxins" (RTX) proteins were similar to the sequence of AfpA near the N-terminal region that contains three sequential hemolysin-like domains (Fig. 2) . As explained above, these domains are found in proteins that use an unconventional secretion system in which protein export takes place without the cleavage of an N-terminal signal peptide. Like most S-layer proteins, AfpA contains no cysteine residues (26) . S-layer and RTX proteins such as oscillin (36) , SwmA, a cell surface protein required for motility in water (7), and AfpA all contain a combination of predicted calcium-binding motifs and N-glycosylation motifs (Fig. 3 and 4) . Like AfpA, oscillin and SwmA migrate more slowly in SDS-PAGE than predicted by their molecular masses, possibly due to these posttranslational modifications that may inhibit the unfolding of the protein or the binding of SDS (51, 74) . (42) and plant-associated bacteria (32) and are modified with both carbohydrate and lipid (44) . Govindarajan and Lindow (27) have previously suggested that the degree of aggregation of INPs on the surfaces of ice nucleation-active bacteria is correlated with the temperature of ice nucleation. Larger aggregates of INPs can orient more water molecules into an ice crystal lattice and initiate the growth of ice at a higher subzero temperature. For example, a single INP with a molecular mass of about 150 kDa can catalyze the formation of ice at Ϫ12°C, whereas INPs modified with carbohydrates and lipids form aggregates with a molecular mass of 19,000 kDa and initiate the growth of ice at Ϫ2°C (27, 44) .
The AFP isolated from P. putida GR12-2 has been shown to be glycosylated by positive in-gel staining with the periodic acid-Schiff reagent (76) . AFPs from other organisms, including Antarctic fish (10) and the plant Solanum dulcamara (16) , are also known to be heavily glycosylated. In addition to the predicted glycosylation sites, the AfpA amino acid sequence contains 20 potential N-myristoylation sites. AfpA produced by P. putida GR12-2 was also previously shown by in-gel staining to contain lipids (76) . If AfpA is myristoylated, this modification may promote reversible interactions between AfpA and the membrane and/or other proteins, or it may affect the conformation of AfpA (21) .
Activity of afpA in an E. coli expression system. When afpA was expressed in E. coli, the recombinant protein showed an apparent molecular mass of 72 kDa (Fig. 4) , higher than that (47.3 kDa) of the predicted product of the translated afpA gene sequence. This difference in mass in E. coli can be attributed to posttranslational modification of AfpA with carbohydrates and lipids (Fig. 4) . However, the antifreeze and ice nucleation activities of the 72-kDa AfpA product were lower than those observed for the native 164-kDa counterpart produced in P. putida GR12-2 ( Fig. 4 ; Table 5 ) (76) , which may be due to improper protein folding or differences in posttranslational modification, especially since Xu et al. (76) reported that ice nucleation activity decreased when the AfpA was deglycosylated experimentally. Another possibility is that highly active INPs and AFPs may be produced only at cold temperatures, as observed when inaZ was expressed in plants (65) .
There was no change in the freezing tolerance of E. coli cells expressing afpA compared with the wild type (data not shown); however, they did not secrete AfpA into the growth medium. Accumulation of AFP in the culture broth is required to increase freezing resistance in P. putida GR12-2 (41). Although P. putida and E. coli are both gram-negative bacteria, the accumulation of AfpA in the cytoplasm in E. coli may be due to the absence of suitable membrane receptor proteins that are involved in the secretion pathway.
Interaction of AfpA with ice. INPs have a central repeat domain that is glycosylated with O-linked sugars and acts as a template to align water molecules into an ordered array, which catalyzes the crystallization of supercooled water (29) . Although there is no crystal structure available for an INP, two models of secondary structure have been proposed. In one model, the largest, 48-residue repeat of InaZ was predicted to fold into three ␤-hairpins that interact with each other by side chains (38) . In the second model, the central repeat region of InaZ was predicted to fold into a ␤-helix with a repetitive TXT motif on the surface of the protein that could interact with water (28) . Because two insect AFPs have also been predicted to fold into ␤-helices with repetitive TXT motifs on the surface, Graether and Jia (28) proposed that the distinguishing feature between an AFP and an INP is the size of the domain that interacts with ice. Unlike INPs, AFPs, with a small surface area and many fewer TXT motifs, cannot assemble sufficient water molecules to form a stable ice nucleus. Instead, the waterordering surface of the AFP could adsorb onto the surface of existing ice and inhibit its growth. However, studies using sitedirected mutagenesis of the ice-binding sites of fish AFPs have now shown their ice-binding domains to be largely hydrophobic, and the adsorption of AFPs onto ice is thought to be driven entropically by desolvation of the ice face (11, 35) . In these models, AFPs have a surface shape that is complementary to a face of the ice crystal lattice, and the interaction between AFPs and ice is stabilized by van der Waals contacts (11) . As shown in Fig. 6 , the amino acid sequence of the ice template of InaV is quite hydrophilic, with a repetitive structure, features consistent with its role in aligning water molecules by hydrogen bonds (30) . On the other hand, the amino acid sequence of AfpA is more hydrophobic than that of InaV throughout this domain. If this region corresponds to the icebinding domain of AfpA, then the surface of AfpA that interacts with ice is more hydrophobic than that of InaV, and we can conclude that one difference between an INP and an AFP may be related to the hydrophobicity of the protein surface. Glycosylation of AfpA may make the protein more hydrophilic, resulting in the low level of ice nucleation activity observed in AfpA secreted into the medium by P. putida GR12-2.
FIG. 5. Multiple alignment, produced by CLUSTAL W (62), of the deduced amino acid sequences of P. syringae inaV (AJ001086), encoding an ice nucleation protein, and P. putida afpA. Asterisks, positions at which residues are identical; colons and periods, positions at which residues belong to strongly and weakly conserved amino acid groups, respectively, according to PAM 250 protein matrices (12) . Arrow indicates the beginning of the repetitive domain in InaV. The three sequential hemolysin-like domains are shaded. Fig. S1 ). This domain has been identified as the template for ice nucleation activity (74) . A hydropathy averaging window size of 13 was used. 
